Experiments were designed to obtain evidence about the possible role of xanthophylls as abscisic acid (ABA) precursors in water-stressed leaves of Phlsaolus vularis L. Leaves were exposed to '4C02 and the specific activities of several major leaf xanthophylls and stress-induced ABA were determined after a chase in '2CO2 for varying periods of time. The ABA specific radioactivities were about 30 to 70% of that of lutein and violaxanthin regardless of the chase period. The specific activity of neoxanthin, however, was only about 15% of that of ABA. The effects of fluridone on xanthophyli and ABA levels and the extent of labeling of both from '4C02 were determined. Fluridone did not inhibit the accumulation of ABA when leaves were stressed once, although subsequent stresses in the presence of fluridone did lead to a reduced ABA accumulation. The incorporation of '4C from '4CO2 into ABA and the xanthophylls was inhibited by fluridone and to about the same extent. The incorporation of 180 into ABA from violaxanthin which had been labeled in situ by means of the violaxanthin cycle was measured. The results indicated that a portion ofthe ABA accumulated during stress was formed from violaxanthin which had been labeled with 'p0. The results of these experiments are consistent with a preformed xanthophyll(s) as the major ABA precursor in water-stressed bean leaves.
The details of the ABA biosynthetic pathway in higher plants have remained obscure, even though MVA2 is known to be a precursor (18) and the stereochemistry of ABA formation has been shown to be identical to that of the carotenoids (12) . We do not know whether ABA is derived directly from a cleavage product of a xanthophyll such as violaxanthin, or whether it is derived directly from a C-15 precursor such as farnesyl pyro- phosphate. The initial suggestion that ABA may be derived from a xanthophyhll came from observations that violaxanthin can be converted to the naturally occurring C-15 compound xanthoxin by photooxidation (23, 24) or by lipoxygenase (7) and that radioactive xanthoxin was converted to ABA when fed to bean and tomato plants (25) .
The discovery that a fungus, Cercospora rosicola, excretes considerable quantities of s-ABA into the incubation medium (1) led to investigations into its ABA biosynthetic pathway. Although the fungal pathway has not been completely elucidated, various ionylidene derivatives appear to be intermediates and the final step in the pathway is the hydroxylation of 1 '-deoxy ABA (2, 16 Vicia faba leaves, putative fungal intermediates were converted to ABA. In other plant tissues, however, ABA formation was not observed when the same compounds were fed (17) .
Recently, there has been a renewed interest in the possibility that xanthophylls may be ABA precursors in higher plants. Various corn mutants have been described which lack the ability to synthesize carotenoids and which accumulate little or no ABA (15) . In addition, inhibitors of carotenoid biosynthesis such as norflurazon and fluridone, also inhibit the accumulation ofABA under some conditions (8, 11, 14, 20) . A recent experiment reported by Creelman and Zeevaart (5) also suggests a precursor role for xanthophylls. They found that bean and Xanthium leaves which are water-stressed in the presence of '"02 incorporated a single '80 atom into the carboxyl group of ABA. If 1 '-deoxy ABA had been the immediate precursor to ABA, as is apparently the case with C. rosicola, one would have expected the incorporation of an '80 atom into the 1'-hydroxyl, assuming hydroxylation by an oxygenase. The results reported by Creelman and Zeevaart suggest that ABA is produced in water-stressed leaves from a precursor which already contains oxygen at the positions which will become the 1' and 4' positions of ABA. One explanation for their results is that a preformed xanthophyll, such as violaxanthin, was cleaved by a dioxygenase to form xanthoxin which was converted to ABA by dehydrogenases. Under these conditions, ABA would contain one 180 atom in the carboxyl group inserted by the dioxygenase, but no 180 in the ring.
The experiments described in this paper were undertaken to obtain additional evidence about a possible role for xanthophylls as ABA precursors in higher plants. A (6) . Their radioactivity was estimated by scintillation counting using quench curves constructed by adding xanthophylls to '4C-benzene.
The identification of lutein was based on its visible and mass spectra. In addition to these characteristics, the identities of violaxanthin and neoxanthin were further confirmed by their characteristic spectral shifts of 40 and 20 nm, respectively, when treated with acid (6) .
Fluridone Experiments. For the two experiments in which the effects of fluridone on ABA and xanthophyll specific activities were determined, the petioles of primary bean leaves were placed in fluridone solutions for varying times. The leaves were then transferred to polyethylene bags and exposed to '4CO2 generated from NaH'4CO3 as described above. After 24 h, the leaves were allowed to lose 14% of their fresh weight, wrapped in foil, and maintained at ambient temperatures for 14 h. ABA and the xanthophylls were purified and their specific activities determined as described above.
In the longer term experiments designed to test the effect of fluridone on ABA accumulation, 12-d old bean plants were placed in fluridone solutions or in water. In some experiments the roots of intact plants were placed in the solutions. In other experiments the roots were removed from the plants before placing the stems in the fluridone solutions. After varying periods of time, primary leaves from some of the plants were removed, stressed, and analyzed for their ABA levels. The remaining plants were stressed by removing them from solution. In some experiments the plants were left out of the solutions until the leaves were visibly wilted. In other experiments the plants were kept out of the solutions until they had lost 10% of their fresh weight. After various stress times, the plants were rehydrated by placing their roots or stems in either water or fluridone solutions and placing the plants in a polyethylene bag for 14 h. Plants were subjected to several stress/recovery cycles. The leaves were analyzed for their ABA content as described above except that 104 dpm of 3H-ABA (specific activity 10 Ci mmol-') (27) stressed bean plants which had been exposed to '4C02 for 24 h. The leaves were either water-stressed immediately after the 14CO2 exposure, or they were exposed to air containing 12C02 for periods of up to 12 d before being water-stressed. ABA levels rise 30-to 40-fold in bean leaves within 4 to 8 h after the initiation of water stress. Therefore, more than 95% of the ABA in leaves which are stressed for 14 h will have been synthesized during the stress period.
The incorporation of 14C into the xanthophylls was low (Table  I ). The specific radioactivity dilution was 10,000-fold and less than 0.5% of the acetone-soluble radioactivity in the leaves was incorporated into the xanthophylls. The results in Table I show that the ABA specific radioactivity was between 30 and 80% of that of lutein or violaxanthin when the specific activities are expressed on a carbon atom basis. This relationship between the specific radioactivities was maintained even when the 12C02 chase was 12 d before the leaves were water stressed. In experiment 2, the specific activities dropped approximately 60% during the 8-d chase period while in experiment 3 the drop was only about 10 to 20% in 12 d. The leaves used in experiment 2 were not fully expanded when exposed to 24C02, so that the reduction in specific activity was presumably due to dilution by new synthesis. The leaves used in experiment 3 were fully expanded at the time of labeling, indicating the low turnover of the xanthophylls in fully expanded leaves. The specific radioactivity of neoxanthin (Fig. 1) , the third major xanthophyll in bean leaves, was only about 10% of that of ABA (Table II) .
These results show that the low incorporation of radioactivity into ABA when plants are exposed to "'CO2 is at least similar to that observed for the two major leaf xanthophylls, violaxanthin and lutein. If xanthophylls are ABA precursors, the low incorporation of radioactivity into ABA from a known precursor such as MVA would not be surprising.
Fluridone Experiments. The carotenoid biosynthesis inhibitors, norflurazon and fluridone, have been reported to inhibit the accumulation of ABA in leaves of plants which have been continuously exposed to them and which therefore lack carotenoids (8, 14) . When the inhibitors are added to leaves which have already greened, the effect of ABA accumulation is negligible (1 1, 20) . One explanation for these results is that only leaves which lack precursor carotenoids are unable to make ABA. Another explanation is that the low levels of carotenoids cause a variety of anomalies, particularly in light-grown plants, and that the lack of ABA accumulation is an indirect result of carotenoid deficiency. Gamble and Mullet (8) have recently suggested that plastid anomalies are not the cause of the inhibition of ABA biosynthesis in water-stressed, dark-grown barley leaves which had been treated with fluridone solutions. We have attempted to distinguish between these possibilities by treating expanded greened bean leaves with fluridone prior to and during exposure to "'CO2. Both ABA and xanthophyll levels and radioactivity were measured after water stress. If ABA is derived from xanthophylls, then fluridone should not reduce its accumulation, since the greened leaves contain a full complement of xanthophylls. The ABA specific activity might be reduced, however, if the xanthophyll specific activities are reduced. If xanthophylls are not precursors, then neither the accumulation of nor the radioactivity in ABA should be reduced by fluridone. Table II summarizes the results of two experiments in which the fluridone concentrations and the pretreatment times were varied. In experiment 1, the specific activities of ABA and the three xanthophylls measured were reduced by more than 90% by the fluridone treatment. The level of ABA accumulated during water stress was not inhibited, while the levels of the three xanthophylls were reduced slightly. In experiment 2, in which both the fluridone concentration and the time of treatment were reduced, the specific activities of the xanthophylls and ABA were reduced to a lesser extent. Neither the xanthophyll levels nor the accumulation of ABA were affected by this treatment. The inhibition of "4CO2 incorporation into the xanthophylls and ABA by fluridone was not a general effect, since 14CO2 incorporation into the acetone soluble material in the leaves was reduced by only about 15% when incorporation into the xanthophylls and ABA was reduced by more than 90% (data not shown).
The results ofthese experiments indicate that ABA is produced from a preformed precursor whose conversion to ABA is not inhibited by fluridone. Fluridone does inhibit the incorporation of "4C02 into ABA, and to about the same extent that it inhibits '4C02 incorportion into the xanthophylls. These results are at least consistent with a precursor role for xanthophylls.
Although fluridone did not appear to inhibit the accumulation of ABA in plants which were water-stressed for a relatively short period of time, we investigated whether fluridone treatment could deplete an ABA precursor pool. In order to test this, we subjected fluridone-treated and control leaves to several cycles of water stress. Table III shows the results of several of a number of experiments in which ABA accumulation was decreased when fluridone-treated leaves were stressed a second time. Leaves maintained in fluridone for an identical period, but without the stress-recovery cycles, accumulated ABA normally when stressed. In fact, fluridone treatment for up to 8 d had no effect on ABA accumulation when the leaves were stressed for the first time.
We have observed that bean leaves will occasionally accumulate Milborrow (19) have recently suggested that the minimum size of the ABA precursor pool in tomatoes is approximately 35 times that of the ABA levels in turgid leaves. Violaxanthin Cycle Experiments. The results of the previous experiments, although consistent with a xanthophyll precursor role, do not provide information about which xanthophyll(s) might be involved. In order to obtain evidence about a specific precursor, we have utilized the xanthophyll cycle to specifically label violaxanthin with '80. The xanthophyll cycle involves the enzymatic deepoxidation of violaxanthin to antheraxanthin and zeaxanthin followed by their reepoxidation to violaxanthin (22) .
This cycle of unknown function occurs at the thylakoids. When intact leaves are exposed to N2 in the light, about 70% of the violaxanthin is deepoxidated within 15 to 30 min. Subsequent transfer of the leaves to air and darkness restores the original levels of violaxanthin through epoxidation.
We transferred bean leaves which had been deepoxidated to an atmosphere containing 1802 in order to introduce 180 into the epoxide group of violaxanthin. These leaves were then waterstressed in a normal 1602 atmosphere. If violaxanthin is an ABA precursor, we expected that its epoxide oxygen would become the 1'-hydroxyl oxygen in ABA (Fig. 2) (13) . In three experiments, we found that 40 to 45% of the violaxanthin epoxide oxygens contained '80 when isolated from leaves which had been treated as described above. Neither lutein nor neoxanthin contained measurable levels of "O, while violaxanthin which had not been exposed to light and N2 prior to the 1802 treatment contained only 5 to 10% 180. Our calculation is based on the appearance of new molecular ions at 602 and 604 m/z which indicate one and two 180 insertions into violaxanthin, respectively, and also on new ions at 183 and 223 m/z which are fragments containing one ofthe epoxide oxygen atoms (3) ( Table  IV) . We estimate that ABA, isolated from leaves containing violaxanthin with 40 to 45% 180 in its epoxide oxygens, con- (28) . In addition to the xanthophyll cycle experiments, we also repeated the experiments described by Creelman and Zeevaart in which leaves were water-stressed in the presence of 1802. We obtained results similar to those reported in that approximately 65% of one carboxyl oxygen contained '80. We also observed an incorporation of 180 into the ring oxygens ofabout 15 to 20% after 14 h ofwater stress. Under the same conditions, we observed a 5 to 10% incorporation of 180 into violaxanthin. A low incorporation of '80 into the ring oxygens of ABA has also been recently observed in the leaves and roots ofXanthium after about 12 h of water stress (4) . One explanation for these results is that ABA is derived in part from a precursor which requires the insertion of at least one ring oxygen during its conversion to ABA. An example of such a compound is lutein which contains oxygen at what will become the 4'-ketone of ABA but not at the 1' position. Another explanation, which is suggested by the results shown in Table III, is that the xanthophyll precursor pool is being replenished during the stress period. If this is true, then a portion of the ABA may be derived from newly synthesized xanthophylls whose ring oxygens contain '80. These xanthophylls would not have been labeled by 180 in the violaxanthin cycle experiments, and could have contributed to the less than expected level of 180 observed in ABA. The results of the 180 experiments are summarized in Table V .
SUMMARY
The results reported in this paper indicate that: 1. The incorporation of 14CO2 into the major leafxanthophylls lutein and violaxanthin in greened bean leaves is low, and is similar to the labeling of stress-induced ABA. A chase period in '2C02 after exposure to 14C02 reduces the specific activity of the stress-induced ABA to about the same extent that the specific radioactivities of lutein and violaxanthin are reduced.
2. Fluridone does not inhibit the formation of stress-induced ABA in short-term experiments, but does begin to inhibit ABA accumulation when leaves are stressed more than once. Fluridone does inhibit the labeling of ABA by "4C02 in short-term experiments to about the same extent that the labeling of the major xanthophylls is reduced. We interpret these experiments to mean that ABA is derived from a preformed precursor whose synthesis is inhibited by fluridone. The continued synthesis of this precursor is required for ABA synthesis to continue at its usual rate.
3. The use of the violaxanthin cycle to incorporate 180 into the epoxide oxygens of violaxanthin suggests that a portion of stress-induced ABA is derived from the '80-labeled violaxanthin involves the insertion of oxygen into the precursors of these xanthophylls.
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